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Abstract Cardiomyopathy is one of the most common
causes of chronic heart failure worldwide. Mutations in
the gene encoding nexilin (NEXN) occur in patients with
both hypertrophic and dilated cardiomyopathy (DCM);
however, little is known about the pathophysiological
mechanisms and relevance of NEXN to these disorders.
Here, we evaluated the functional role of NEXN using a
constitutive Nexn knock-out (KO) mouse model.
Heterozygous (Het) mice were inter-crossed to produce
wild-type (WT), Het, and homozygous KO mice. At birth,
32, 46, and 22 % of the mice were WT, Het, and KO,
respectively, which is close to the expected Mendelian
ratio. After postnatal day 6, the survival of the Nexn KO
mice decreased dramatically and all of the animals died
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by day 8. Phenotypic characterizations of the WT and KO
mice were performed at postnatal days 1, 2, 4, and 6. At
birth, the relative heart weights of the WT and KO mice
were similar; however, at day 4, the relative heart weight
of the KO group was 2.3-fold higher than of the WT
group. In addition, the KO mice developed rapidly pro-
gressive cardiomyopathy with left ventricular dilation and
wall thinning and decreased cardiac function. At day 6,
the KO mice developed a fulminant DCM phenotype
characterized by dilated ventricular chambers and systolic
dysfunction. At this stage, collagen deposits and some
elastin deposits were observed within the left ventricle
cavity, which resembles the features of endomyocardial
fibroelastosis (EFE). Overall, these results further
emphasize the role of NEXN in DCM and suggest a novel
role in EFE.
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Introduction

Cardiomyopathies, which are among the leading causes of
heart failure, can be divided into four idiosyncratic entities,
namely dilated cardiomyopathy (DCM), hypertrophic car-
diomyopathy (HCM), arrhythmogenic right ventricular
cardiomyopathy, and restrictive cardiomyopathy [8, 29].
DCM is usually a late onset disease [26] that occurs at the
age of 40-60 years, although it can also occur in the fetal
period, infancy, early or late childhood, adolescence, and
the elderly [4]. The disease is characterized by a progres-
sive dilation of the ventricular chambers, accompanied by
wall thinning and systolic dysfunction, which cause dysp-
nea, a poor quality of life, and a reduced life expectancy
[7]. Myocardial damage can either be acquired due to
immunological disease or toxicant abuse, or inborn due to
mutations in a wide range of genes [2, 6, 24].

To date, several hundred mutations in more than 30
genes have been identified as being associated with spo-
radic and familial DCM; in fact, these mutations account
for approximately 30-35 % of familial DCM cases [16,
17]. In most of these patients, DCM is inherited in an
autosomal-dominant manner; however, autosomal-reces-
sive and X-chromosomal inheritance patterns have been
described in rare cases [22, 25]. Genetic studies revealed
that, although the genes encoding sarcomeric proteins play
the most important role in the pathophysiology of DCM,
mutations in cytoskeletal, nuclear membrane, dystrophin-
associated glycoprotein complex, and desmosomal proteins
are also important causes of the disease [12, 13]. The
sarcomere is the contractile unit of cardiac and skeletal
muscle cells; its structure consists of a well-described
alternate organization of thin and thick filaments, motor
proteins such as myosin, and anchoring structures such as
the Z-disc [3, 9]. Recently, the Z-disc has come to
prominence as an important structural link between the
cytoskeleton and the sarcolemma, as well as a nodal point
in cardiomyocyte signal transduction [11].

In our previous study, we identified loss-of-function
mutations in the gene encoding nexilin (NEXN) in patients
with DCM [15]; all of these patients were heterozygous
(Het) carriers of the NEXN mutations. The identified NEXN
mutations included a deletion of three base pairs encoding
a glycine residue at position 650, and two missense
mutations at positions 1831 and 1955 (p.C1831A and
p-A1955G). None of the identified mutations were found in
the control cohorts. Very recently, ten mutations within the
coding region of the NEXN gene were identified in 639
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DCM patients using next-generation sequencing [14]; these
mutations include p.E110Q, p.G157V, p.G245R, p.E332A,
p.-T363R, p.R392%, p.E468del, p.E470Q, p.E485K, and
p-TO666A.

Functional analyses using a zebrafish model demon-
strated the important role of NEXN in dilation of the atrium
and ventricle, which leads to severe heart failure with
reduced systolic function. Electron microscopy analyses
showed that the absence of NEXN disrupts the sarcomere
integrity and Z-disc architecture severely in both zebrafish
and patients carrying NEXN mutations [15], suggesting that
NEXN dysfunction plays a pivotal role in DCM. Notably,
Wang and colleagues identified loss-of-function mutations
in the NEXN gene in two probands exhibiting HCM [32]. In
this respect, NEXN has joined the growing list of genes
whose mutations lead to either DCM or HCM [15, 32].

To date, the functional role of NEXN in DCM has only
been demonstrated using a zebrafish model [15]; to
understand this role fully, the anatomical and physiological
differences between heart development in zebrafish and
mammals must be considered [21, 27]. Here, to gain a
more in-depth insight into the pathophysiology of NEXN in
DCM, we generated a constitutive Nexn knock-out (KO)
mouse model and characterized the cardiac disorders of the
mice.

Materials and methods
Generation and genotyping of Nexn KO mice

A Nexn targeting construct was designed to insert a neo-
mycin selection cassette and two loxP sites flanking exons
2 and 4 of the mouse Nexn gene (Fig. 1a). Gene targeting
was performed in 2066 A-F9 embryonic stem cells and the
targeted clones were microinjected into C57BL/6N blas-
tocysts. Targeted recombinants were verified by Southern
blot analysis after digestion with appropriate restriction
enzymes for the targeted (KO) and wild-type (WT) alleles
(Artemis). Gt(ROSA)26Sortm16(cre)™™ were crossed to
the floxed mice to generate the conventional Knockout for
Nexn. The generated Het mice were produced and geno-
typed via PCR analyses of DNA samples isolated from ear
biopsies. The PCR products were amplified using Eppen-
dorf® MasterMix (2.5%), according to the manufacturer’s
instructions. The following primers were used to amplify
the PCR fragments shown in Fig. la, b: Nexn-1, 5'-
GTCTACTGAGTAAGTCCACAG-3'; Nexn-2, 5-GAGAA
CTAATCAGGATGTTGC-3’; and Nexn-3, 5'-TCCCAG
CAGAGGTTATTTGC-3'. Nexn-1 and -3 were designed to
generate PCR fragments of 361 bp for the KO allele and
3934 bp for the WT allele, the latter of which was not
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Fig. 1 Generation of Nexn KO mice and confirmation of NEXN
deficiency at the DNA and protein level. a The targeting construct
that was designed to insert loxP sites flanking exons 2 and 4 of the
mouse Nexn gene. b Genotyping of mice using Nexn-1 and -3
produced a 361 bp band from the KO mice (mutated allele), and
genotyping using Nexn-2 and -3 produced a 629 bp band from the

amplified due to its large size. To discriminate between Het
(WT/KO) and homozygous KO (KO/KO) mice, Nexn-2
and -3 were designed to produce a 629 bp fragment for the
WT allele only.

Confirmation of NEXN deficiency via Western
blotting

Hearts were excised from the newborn mice, mixed with
five volumes of lysis buffer (3 % sodium dodecyl sulfate,
30 mM Tris base (pH 8.8), 5 mM ethylenediaminete-
traacetic acid, 30 mM NaF, and 10 % glycerol), and
homogenized twice with a Tissue Lyser (Qiagen) for 30 s
at 20 Hz. The insoluble material was removed by cen-
trifuging the samples at 13,200 rpm for 10 min at 20 °C,
and the protein concentrations of the supernatants were
determined using Bio-Rad protein assay reagent. Proteins
were loaded onto acrylamide/bisacrylamide (29:1) gels and
electrotransferred to nitrocellulose membranes (0.45 pm
pore size). The membranes were stained overnight at 4 °C
with a monoclonal antibody against NEXN (Sigma,
1:5000). After incubation with a mouse horseradish
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WT allele. Samples / and 2, 3 and 4, and 5 and 6 correspond to the
WT, Het, and KO mice, respectively. Samples 7 and 8 correspond to
H,0 and the DNA ladder, respectively. ¢ Western blot analysis
demonstrating the absence of NEXN protein in the KO mice. Samples
2-4, 5-7, and 8-10 correspond to the WT, Het, and KO mice,
respectively. Sample 1 corresponds to the molecular weight marker

peroxidase-conjugated secondary antibody (Dianova,
1:20,000) at room temperature for 1 h, the signal was
revealed using ECL Plus reagent (Amersham) and detected
using the Chemi Genius Bio Imaging System.

Macroscopic and microscopic examination

All animal studies were conducted in accordance with the
local animal welfare committees of Schleswig—Holstein,
Hamburg and Bavaria, Germany.

Hearts were collected from mice at postnatal days 1, 2,
4, and 6. The animals underwent macroscopic examination
as well as histologic analyses. The heart weight to body
weight ratios (relative heart weights) were determined for
each mouse and histological analyses were performed
following complete dissection. The hearts were fixed in
4 % formaldehyde and embedded in paraffin. Sections of
the tissues (4-6 um thick) were stained with standard
hematoxylin and eosin (H&E) for histologic evaluation.
Masson’s Trichrome and Sirius Red staining were used to
detect collagen fibers, and Verhoeff-Van Gieson (VVG)
staining was used to detect elastin fibers.
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Transmission electron microscopy

For transmission electron microscopy (TEM), hearts from
newborn mice were collected, fixed in 2.5 % glutaraldehyde
and 2.0 % paraformaldehyde in cacodylate buffer (pH 7.4),
and then post-fixed in 2.0 % osmium tetroxide solution. The
samples were transferred through graded ethanol concen-
trations to eliminate water, and then embedded in propylene
oxide. Ultra-thin Sections (40-60 nm thick) were cut,
stained with lead citrate and uranyl acetate, and examined
with an EM400 transmission electron microscope.

Echocardiographic analysis

Transthoracic echocardiography was performed using the
Vevo 2100 System (VisualSonics). For the cohort of
3 months old heterozygotes and respective controls ana-
lyzed in the German Mouse Clinic, the Vevo 770 System
with RMV-707 transducer was used. The animals were
anesthetized with isoflurane (0.8-1.0 %) and secured to a
warming platform in a supine position. B-mode images
were obtained using a MS550 transducer and images were
obtained in the parasternal short and long axis view. The
dimensions of the left ventricle (thickness of the anterior
and posterior walls, as well as the left ventricular diameter)
were measured in the short axis view during both diastole
and systole.

Reverse transcription and qPCR

Total RNA was extracted from myocardial tissue at postnatal
days 0, 1, and 6 using Qiagen kits. The RNA was reverse-
transcribed into complementary DNA as described previ-
ously [1], and the transcript levels in KO mice were related to
those in age-matched WT mice. The following forward and
reverse primer sequences were used for gPCR amplifica-
tions: skeletal a-actin (Acral), 5-CCC CTG AGG AGC
ACC CGA CT-3' and 5'-CGT TGT GGG TGA CAC CGT
CCC-3’; B-myosin heavy chain (Myh7), 5'-GAG GAG AGG
GCG GAC ATC-3' and 5'-GGA GCT GGG TAG CAC AAG
AG-3'; atrial natriuretic peptide (Nppa), 5'-TGA AAA GCA
AAC TGA GGG CT-3' and 5'-CAG AGT GGG AGA GGC
AAG AC-3'; and elastin (Eln), 5'-CGG TGT TGG TGG TAT
TGG T-3' and 5'-GCT TTG ACT CCT GTG CCA GT-3'.
The expression level of glyceraldehyde-3-phosphate dehy-
drogenase (Gapdh: 5'-GAC CAC AGT CCA TGC CAT
CAC-3" and 5'-CCG TTC AGC TCT GGG ATG AC-3') was
used as an internal standard.

Statistical analysis

Data are presented as the mean &+ SEM. To examine the
differences between the relative heart weights of the WT
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and NEXN KO mice, unpaired ¢ tests were performed using
StatView Software version 5.0.1. A one-way ANOVA
followed by Dunnett’s post test was used to analyze the
echocardiographic data. For the cohort of 3 months old
heterozygotes and respective controls a one-way ANOVA
was used. P < 0.05 was considered statistically significant.
For all tests, *P < 0.05, **P < 0.01, ***P < (0.001, and
n.s., not significant.

Results
Generation of Nexn KO mice

The Nexn KO mice were generated using a gene targeting
strategy designed to delete the chromosomal fragment
between exons 2 and 4 of Nexn (Fig. 1a). NEXN deficiency
was confirmed at the genomic DNA and protein levels. At the
DNA level, amplification of the fragment including exons 2
and 4 of the Nexn gene using Nexn-1 and 3 primers produced
a short DNA fragment of 361 bp for the KO mice (Fig. 1b).
The corresponding 3934 bp fragment for the WT mice could
not be amplified due to its large size. The presence of the WT
allele in WT and Het mice was confirmed by PCR amplifi-
cation of a 629 bp fragment using Nexn-2 and Nexn-3, the
former of which was complementary to the targeted region
(Fig. 1a, b). In addition, Western blotting confirmed the
absence of NEXN protein the KO hearts (Fig. 1c).

Nexn deficiency leads to early postnatal lethality

Adult Het mice were inter-crossed to produce WT, Het,
and KO mice, and the survival rates of these three groups
were determined between postnatal days O and 8 (Fig. 2a).
At birth, 32, 46, and 22 % of the mice were WT, Het, and
KO, respectively, which is close to the expected Mendelian
ratio of 1:2:1 (Fig. 2b). After postnatal day 2, the survival
of the KO mice decreased dramatically, as shown by a
Kaplan—-Meier curve (Fig. 2a). Of the 135 confirmed KO
mice, 134 died within 8 days after birth (Fig. 2a).

Nexn deficient mice display increased heart weight
and endomyocardial fibroelastosis

As mentioned above, the absence of NEXN led to prema-
ture mortality of KO mice and offered a narrow time frame
for further investigations of the cardiac phenotype, which
focused on the relative heart weight and histologic analy-
ses. The Nexn KO mice appeared normal at birth and
displayed no apparent cardiac pathology (Figs. 3a, 4, Day
1). However, after postnatal day 4, the relative heart weight
was 2.3-fold higher in KO than in WT mice, and KO and
WT hearts were visibly different at the macroscopic and
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microscopic levels, particularly at postnatal day 6
(Figs. 3a, b, 4). The relative heart weights of Het and WT
mice were comparable at all time-points examined
(Fig. 3a). H&E staining of heart sections revealed that the
KO mice had developed rapidly progressive left ventricular
dilation and wall thinning at postnatal day 6 (Fig. 4).
Endocardial deposits were also observed in KO mice at this
time-point; to examine the composition of these deposits,
different stains were used to detect collagen and elastin

fibers. Trichrome staining demonstrated a high level of
fibrosis with collagen deposits (Fig. 4, Day 6). Further-
more, VVG detected moderate elastin deposits at postnatal
day 6 (Fig. 4, arrows). A few deposits were also detected in
the right ventricle (data not shown). To gain more insights
into the structure of EFE deposits, semi-thin sections from
araldite-embedded tissues were used and stained with
methylene blue/Azur II. Dramatic deposits within the inner
ventricle chamber were observed (Fig. 5a).
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Fig. 4 Microscopic analyses of the hearts of Nexn KO mice. H&E,
Trichrome, and VVG staining of hearts from the Nexn KO and WT
mice at postnatal days 1 and 6 to identify strong collagen fibers
(stained in blue using Trichrome) and moderate elastin (stained in

KO sarcomeres are not affected

Next, TEM was used to evaluate the integrities of the
sarcomere myofilaments and Z-disks in the Nexn KO and
WT mice; however, no obvious abnormalities of these
structures were identified in either group of mice (Fig. 5b).

KO and to a lesser extent Het mice developed dilated
cardiomyopathy

To assess the cardiac phenotypes of the WT, Het, and KO

mice, echocardiographic evaluations were performed at
postnatal days 4-6 (Fig. 6). The anterior and posterior wall

@ Springer

dark purple using VVG) within the endomyocardial fibrotic deposits
in the left ventricle. Ten mice in each group were analyzed and five
mice were further taken for quantification. Scale bar 0.2 mm

thickness in diastole were both lower in KO than in WT
mice. The LV internal diameter in diastole and systole
were higher, and the fractional area shortening was mark-
edly lower in KO than in WT mice. LVM did not differ
between groups. However LVM/BW was higher, mainly
due to the lower BW in KO than in WT. Het mice also
displayed a mild DCM phenotype with slight dilatation and
reduced fractional shortening. Thus, there was a dose-de-
pendent effect of the reduced level of NEXN on DCM at
postnatal days 4-6. However, this effect was not seen in
aging mice. Echocardiographic analysis of 3-month-old
Het mice demonstrated no changes in heart morphology or
function compared to WT mice (Suppl. Table).
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WT, 5 days postnatal

KO, 5 days postnatal

Fig. 5 Semithin section and TEM analyses. a Semithin section from
araldite-embedded tissue, stained with methylene blue/Azur II. The
wall of the left ventricle contains cardiomyocytes (CM), fibro-elastic
deposits (FE) and blood vessels (BV). Bars 150 pum (overview) and

Nexn deficiency in mice leads to increased
expression of cardiomyopathy and endomyocardial
fibroelastosis markers

The Myh7, Actal, and Nppa mRNAs were selected as
molecular markers of hypertrophy, and the Eln mRNA was
selected as a molecular marker of endomyocardial fibroe-
lastosis (EFE). RT-qPCR analyses revealed no changes in
the expression of the hypertrophic markers in the KO mice
compared to WT mice at birth. However, a slight increase
was already observed for Eln at birth, which was 1.8-fold
higher in KO than in WT mice (Fig. 7). At postnatal day 1
the expression level of Myh7 was higher in the KO mice
than the WT mice (Fig. 7), which was prior to the devel-
opment of cardiomyopathy. The increase in Myh7 as well
as Nppa expression persisted until postnatal day 6 (Fig. 7).
The normalization of the expression level of Actal at day 6
strongly supports the DCM rather than hypertrophy phe-
notype (Fig. 7). Conversely the higher Nppa level at 6 days
than 1 day also markedly supports the dysfunction. The
expression level of Eln in the KO mice was also signifi-
cantly higher than that in the WT mice at postnatal day 6.

50 pm (inset). b The structures of sarcomeric myofilaments and
particularly the Z-disks were further analyzed using TEM and display
no differences between NEXN KO and WT mice. Scale bar 0.7 pm

Discussion

All forms of cardiomyopathy are serious clinical problems
in Western countries and can lead to heart failure and
require subsequent heart transplantation. In our previous
study, we identified NEXN as a novel DCM-related gene
and functionally studied its role in heart failure using a
zebrafish model [15]. Here, we developed a Nexn KO
mouse model to obtain a deeper understanding of the role
of this protein in DCM in mammals.

The complete absence of NEXN led to premature death
of the KO mice in a very narrow time frame (between
postnatal days 6 and 8). Our previous study in zebrafish
[15] revealed that NEXN is one of a number of structural
proteins that are specifically localized in the Z-disc and
play a key role in maintaining the integrities of the
cytoskeleton and sarcomere. NEXN also plays an essential
role in force transmission between sarcomeres and the
sarcolemma. A previous immunohistological analysis
demonstrated positive staining of NEXN at the Z-disc of
the sarcomere, where it co-localized with alpha-actinin,

@ Springer
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Fig. 6 Transthoracic echocardiography analyses of Nexn WT, Het,
and KO mice. The analyses were performed in 4-6-day-old mice.
Data are expressed as the mean &= SEM. *P < 0.05, **P < 0.01, and
*##%kP < (0.001 versus WT, using a one-way ANOVA plus Dunnett’s
post test. The numbers of animals examined are indicated in the bars.

thereby highlighting the key role of NEXN in the stabi-
lization of sarcomeres [15]. As observed previously in
humans and zebrafish, the Nexn KO mice displayed DCM
at an early stage of heart development (postnatal day 4).
Furthermore, the relative heart weight was 2.3-fold higher
in the KO group than WT group, and the KO mice dis-
played rapid progressive cardiomyopathy with dilation and
wall thinning and extremely reduced contractile function.
At the molecular level, markers of DCM were expressed at
higher levels in the KO mice than the WT mice. However,
in contrast to the zebrafish model, the Z-disc in the Nexn
KO mouse model remained stable and no obvious abnor-
malities were detected using TEM.

Notably, DCM progression in the Nexn KO mice was
accompanied by EFE, a rare heart disorder characterized
by thickening of the innermost lining of the heart chambers
due to an increase in the amount of supporting connective
tissue and elastic fibers [10]. To date, the pathogenesis of
EFE has remained unclear, although the disorder is
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LVM/BW left ventricular mass to body weight ratio, FAS fractional
area shortening, AWThd anterior wall thickness in diastole, PWThd
posterior wall thickness in diastole, LVIDd left ventricular internal
diameter in diastole, LVIDs left ventricular internal diameter in
systole. Number of animals is indicated in the bars

characterized by collagen and elastin fiber deposits in the
endocardium. Here, we confirmed this finding by staining
the KO hearts with Trichrome and VVG, which are specific
for collagen and elastin deposits, respectively [19, 28]. In
addition, we demonstrated that the expression level of the
Eln gene was higher in the Nexn KO mice than the WT
mice.

Until 2006, EFE was classified as a rare cardiomyopathy
disorder [23, 31]; in fact, EFE was omitted from the most
recent Heart Association cardiomyopathy classifications
[31]. However, a previous study demonstrated that 25 % of
all pediatric DCM cases examined also had EFE [31],
indicating that this altogether rare condition occurs fre-
quently in this subset of patients. Jiao and colleagues also
reported 75 EFE cases in infants in China [18]. Pediatric
EFE patients in particular have a severely restricted life
expectancy and do not survive past 2 years [5]. Although
various causes of EFE have been proposed, including viral
exposure and environmental insult [20], the causal factors
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are poorly understood. In addition, the genetic basis of EFE
is unclear, but the disorder seems to be an important
characteristic of an, until now, underestimated form of
DCM. Only a few animal models of EFE, including cats,
have been described to date [30]; here, we present a mouse
model that may be used to better understand the patho-
genesis of this underestimated fatal postnatal disorder and
to clarify whether it is or is not a form of DCM.

The Nexn KO mice died between postnatal days 2 and 8§,
although it is unclear whether the cause of death was DCM
or EFE. At this point, other causes cannot be excluded, but
the extremely low ejection fraction makes heart failure a
likely cause. Functional investigations of heart-specific
conditional Nexn KO mice are required to gain new
insights into the roles of NEXN in DCM and EFE. Fur-
thermore, it is unclear whether mutations in NEXN are also
associated with EFE, especially in pediatric patients.
Overall, the results presented here highlight the role of
NEXN in DCM and identify Nexn as a novel EFE-related
gene in mice.
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